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REMARKS 

Claims 1, 3, 5-9, 1 1, 12 and 25-34 are pending in this application. Claims 2, 4, 8, 10, 
and 12-24 are canceled. 

It is noted that the claim amendments, if any, are made only for more particularly 
pointing out the invention, and not for distinguishing the invention over the prior art, 
narrowing the claims or for any statutory requirements of patentability. Further, Applicants 
specifically state that no amendment to any claim herein should be construed as a disclaimer 
of any interest in or right to an equivalent of any element or feature of the amended claim. 

With respect to the prior art rejections, claims 1-3, 5-9, 11,12 and 25-32 stand 
rejected under 35 U.S.C. § 103(a) as unpatentable over Ota, et al. (JP 04-085972), further in 
view of Fujimoto, et al. (U.S. Patent No. 6,242,761). 

This rejection is again respectfully traversed in the following discussion. 

I. THE CLAIMED INVENTION 

The invention, as described in independent claim 1 for example, is directed to an 
electrode for a p-type SiC that includes a first electrode material, and a second electrode 
material of aluminum (Al). The first and second electrode materials exhibit a eutectic 
reaction at a temperature of 600°C or lower and a layer made of the first electrode material is 
in contact with a surface of the p-type SiC (Application at page 3, lines 1-4; page 5, lines 17- 
21). The first electrode material comprises germanium (Ge). 

This structure is important because the formation of the first electrode material having 
such eutectic characteristics accelerates the eutectic reaction at lower temperatures and 
provides a better ohmic junction (Application at page 3, lines 5-12; page 4, lines 20-23). 

Conventional SiC electrodes, as described in the Background of the present 
Application, use a combination of titanium (Ti) and aluminum (Al) in an effort to produce an 
ohmic electrode. However, such conventional SiC electrodes contain a large amount of Al to 
reduce resistance and need to be heat treated at temperatures of about 1000°C . As a result of 
these high temperatures devices using such electrodes have reduced functionality and a 
decreased useful lifecycle caused by deterioration of surface morphology and thermal 
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damage during heat treatment (Application at page 1, line 23-page 2, line 15). 

In contrast, in an exemplary embodiment, this invention may provide an electrode for 
a p-type SiC having a good surface homology and little thermal damage to the semiconductor 
crystal layers caused by the formation of the electrode (Application at page 2, lines 18-22). 

II. THE PRIOR ART REJECTION 

The Examiner continues to reject claims 1-3, 5-9, 11, 12, and 25-34 as obvious over 
JP 04-085972 to Ota et al., further in view of US Patent No. 6,242,761 to Fujimoto et al., 
based on the holding of KSR. 

In an attempt to expedite prosecution, Applicants have decided to incorporate claim 2 
into claim 1. Additionally, to demonstrate that the claimed invention was not known in the 
art, that the elements were not considered as substitutes at the time of the invention, and that 
unexpected results do indeed occur with the claimed invention, meaning that those of skill in 
the art were not aware of the benefits of the invention, Applicants submit a paper published 
after filing of the present application and including as authors several of the present 
inventors. 

This publication, "Electrical properties and microstructure of ternary Ge/Ti/Al ohmic 
contacts to /?-type 4H-SiC", clearly describes how the claimed invention was indeed novel in 
several aspects. 

First, as clearly described in the second column of the first page (i.e., page 4976), at 
best, the conventional wisdom at the time of the invention would have been to use Ni in order 
to reduce annealing temperature of the binary Ti/Al ohmic contacts. 

As further described in that paragraph and further demonstrated in Table II, the 
present inventors discovered that a thin layer of germanium (Ge) is even better than using Ni 
for decreases the annealing temperature in the environment of SiC. None of the cited 
references provide a suggestion that Ge would provide an improvement to the binary Ti/Al 
contact system in the SiC environment. 

Relative to the rejection currently of record, Applicants respectfully submit that this 
rejection fails to establish a prima facte rejection for obviousness, even under the loosened 
guidelines resultant from KSR. Indeed, Applicants submit that the rejection of record reflects 
exactly what the US Supreme Court stated in that holding should be avoided: 
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"A factfinder should be aware, of course, of the distortion caused by hindsight bias 
and must be cautious of arguments reliant upon ex post reasoning. "(Page 17 of the opinion) 

That is, in the rejection of record the Examiner concedes that primary reference Ota 
(at least) fails to teach or suggest "... the first and second materials exhibiting an eutectic 
reaction at a temperature of 600 °C or less, the use of nickel instead of germanium as the first 
electrode material adnd the thicknesses stated" 

The Examiner relies upon secondary reference Fujimoto to overcome these 
deficiencies of primary reference Ota, pointing to the description at lines 20-36 of column 7 
of Fujimoto as allegedly at least suggesting the missing elements. 

According to the Examiner: "Zf would have been obvious to a person of ordinary skill 
in the art at the time of invention to use germanium instead of nickel and that these materials 
show eutectic reactions at temperatures of 600 °C or less to realize good contact resistance 
and easy wire bonding. Additionally, all the claimed elements were known in the prior art 
and one skilled in the [art] could have combined the elements as claimed by known methods 
with no change in their respective functions, and the combination would have yielded 
predictable results to one of ordinary skill in the art at the time of the invention" 

In response, Applicants again point out that, as clearly stated on page 5 of the USPTO 
translation, what primary reference Ota does teach for its p-type SiC electrode 7 is to use Ni 
(0.2>im)/Ti (0.02^m)/Al (0.5fxm), which is subsequently heated by inert gas at 900-1000 °C 
for 5-10 minutes. 

In contrast, the present invention teaches using Ge (60 nm)/ Ti (80 nm)/ Al (360 nm), 
which permits an eutectic reaction at a relatively lower temperature of 600 °C or less, as 
described at lines 23-25 on page 9. 

There is no suggestion in Ota to replace Ni with Ge. Nor is there any suggestion to 
use a lower temperature of the claimed invention, given the use of Ge rather than Ni. Finally, 
there is no suggestion Ota that the thickness of materials deposited for this electrode will 
form the eutectic reaction. As described, for example, at Wikipedia.org, "eutectic reaction 5 ' is 
a term of art meaning that all constituents crystallize substantially simultaneously from the 
molten state and requires a predetermined mixture of such proportions that the melting point 
is as low as possible. 

Indeed, Applicants submit that primary reference Ota, as evidenced by the description 
on page 5 of the USPTO translation, can only reasonably be described as clearly teaching 
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against the claimed invention. 

The Examiner's reliance on lines 20-36 of column 7 of secondary reference Fujimoto 
is also misplaced. Applicants respectfully point out that these lines do not even mention 
"eutectic", does not suggest an annealing temperature in the environment of either Ota or the 
claimed invention, and does not suggest that Ge is a simple substitute for Ni, let alone being a 
substitute in the claimed environment . These (mis)characterizations of secondary reference 
Fujimoto are clearly demonstrating a . . distortion caused by hindsight bias . . .." that the 
KSR holding clearly explicitly warns should be avoided by the factfinder. The Examiner 
continues to miss the point that the present invention is relative to the SiC environment, and 
such SiC environment is an element of the claimed invention . 

Moreover, Applicants submit that the results of the claimed invention are indeed 
unexpected, as can be understood by the description at lines 16-23 of page 4 of the present 
application: 

"The first electrode material is not particularly limited if the first electrode material is 
a material reacting with Si and exhibiting an eutectic reaction with Al at a relatively low 
temperature. For example, germanium (Ge) or the like can be used as the first electrode 
material Because the addition of the first electrode material accelerates the reaction at a 
low temperature, decrease in the contact-forming temperature can be attained." 

Thus, contrary to the Examiner's implication, it was not known in the art at the time 
of the invention of the effect of Ge in the SiC environment, for the binary Ti/Al contact 
system. The description above clearly describes how Ge was discovered to be an accelerant 
at low temperature for the SiC environment for a contact using Al, based upon an eutectic 
composition ratio. 

That is, as clearly described in the left column of the first page (e.g., page 4976) of the 
attached publication "Electrical properties .... to p-type 4H-SiC" by Tsukimoto et al., the 
technique of getting low contact resistance to p-type 6H-SiC required an annealing at 
temperatures higher than 1000 °C, as demonstrated by Crofton et al. in their 1993 publication. 

In the right hand column on this first page is also described how Konishi was able to 
reduce resistance by adding a thin Ni layer to binary TiAl alloy contacts. Also on the first 
page, the abstract of this publication explains the discovery, described in the present 
application, that adding a small amount of Ge to binary Ti/Al reduced ohmnic contact 
formation temperature to about 500 °C. 
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Therefore, in contrast to the Examiner's position, it was certainly not known by either 
Crofton or Konishi to use Ge in binary TiAl alloy contacts in the SiC environment. 

Moreover, contrary to the Examiner's position that Applicants have failed to articulate 
the criticality of the relative thicknesses in the Ge/Ti/Al ternary alloy, as defined in the 
claimed invention, Applicants point out that this appendix publication confirms that the 
relative ratios are indeed critical and that such relative ratios were not common in the art in 
the SiC environment. As clearly shown in Table I of this appendix publication, the 
composition is indeed critical to resistance. Furthermore, as shown in Figures 1 and 2, even 
annealing time is demonstrated in this supporting publication as being a factor in the 
resistance. 

Finally, Applicants bring to the Examiner's attention that even the Examiner's 
paraphrasing of the wording of the holding in KSR requires that all elements of the claimed 
invention must have been known and that the functions remain the unchanged. The 
evaluation of record overlooks that Ge was not known as a substitute for Ni, let alone a 
substitute in the SiC environment (e.g., an element of the claimed invention has a functional 
aspect not previously recognized) and that Ge was not known to serve as an accelerant in this 
SiC environment for lower temperature formation. 

The Examiner's reliance on lines 20-36 of column 7 of Fujimoto to provide evidence 
of these facts is clearly misplaced, since the SiC environment is not being described in this 
reference. Moreover, as clearly described in lines 31-36 of column 7, these lines do not in 
any way point to or even reasonably suggest the binary or ternary structure of Ge and Al, let 
alone an eutectic ternary structure, since this sentence provides a listing of 16 materials that 
could be used to provide an electrode system having anywhere from a single layer all the way 
through a "multi-layered layer", that can only mean as using all 16 materials. 

Therefore, even discounting the element of the SiC environment, relative to the 
Examiner's position that Fujimoto describes using Ge as a substitute for Ni, Applicants 
submit that the cited description in this reference actually suggests 16! combinations that 
would have to be tested before arriving at the claimed invention. This number of potential 
combinations represents an unimaginably large task and can only be reasonably considered as 
requiring an undue experimentation to even arrive at the three components used in the 
claimed invention of the dependent claims, let alone ratios of composition needed for the 
eutectic reaction. 
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Thus, in view of an unbiased evaluation of the actual description in Ota and Fujimoto, 
Applicants submit that the claimed invention is clearly non-obvious over these two 
references. 

Therefore, as Fujimoto does not relate to a p-tvpe SiC , there is no suggestion in 
Fujimoto to modify Ota as proposed by the Examiner and no indication in Fujimoto that a 
eutectic reaction will occur in the p-tvpe SiC environment which even primary reference Ota 
clearly describes as being an extremely difficult environment in which to obtain desirable 
ohmic properties. 

Hence, turning to the clear language of the claims, in Ota, even if modified by 
Fujimoto, there is no teaching or suggestion of: "An electrode for a p-tvpe SiC , comprising a 
first electrode material, and a second electrode material of aluminum (Al), said first and 
second electrode materials exhibiting an eutectic reaction at a temperature of 600°C or lower , 
wherein a layer made of said first electrode material is in contact with a surface of the p-type 
SiC , said first electrode material comprising germanium (GeY \ as required by independent 
claim 1. The remaining independent claims have similar limitations. 

Because the combination of references fails to disclose or suggest all of the features 
recited in the rejected claim, reconsideration and withdrawal of the rejection is respectfully 
requested. 

III. CONCLUSION 

In view of the foregoing, Applicants submit that claims 1, 3, 5-9, 11,12 and 25-34, all 
the claims presently pending in the application, are patentably distinct over the prior art of 
record and are in condition for allowance. The Examiner is respectfully requested to pass the 
above application to issue at the earliest possible time. 

Should the Examiner find the application to be other than in condition for allowance, 
the Examiner is requested to contact the undersigned at the local telephone number listed 
below to discuss any other changes deemed necessary in a telephonic or personal interview . 
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The Commissioner is hereby authorized to charge any deficiency in fees or to credit 
any overpayment in fees to Attorney's Deposit Account No. 50-0481 . 



Respectfully Submitted, 




Registration No. 36,769 

Sean M. McGinn, Esq. 
Registration No. 34,386 

MCGINN INTELLECTUAL PROPERTY 
LAW GROUP, PLLC 

8321 Old Courthouse Road, Suite 200 
Vienna, Virginia 22182-3817(703) 761-4100 
Customer No. 21254 
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Electrical properties and microstructure of ternary Ge/Ti/AI ohmic contacts 
to p-type 4H-SiC 

S. Tsukimoto, a) T, Sakai, and Masanori Murakami 
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■'Hie high-power SiC devices* require ohmic contact materials, which arc prepared by annealing at 
temperatures lower than S(.KJ °C. Recently, we demonstrated in our previous paper [J. Appl. Phys, 
95, 2187 (2004)] that an addition ofa small amount of Ge to the conventional binary Ti/Al contacts 
reduced the ohmic contact formation lemperatureby ubout 500 °C, and this ternary contacts yielded 
n specific contact resistance of approximately I X 10"" H cm : after annealing at a temperature as 
low as 600 °C. Tn this paper, the electrical properties and Uic microstructurcs of the Gc/Ti/AI 
contacts (where a slash T indicates the deposition sequence) were investigated by current-voltage 
measurements and tntnsmission electron microscopy observations, respectively, in order to 
understand the ohmic contact formation mechanism. Ti 3 SiC : compound layers (which were 
previously observed at the meial/SiC interface in the Ti/Al ohmic contacts after annealing at 
temperatures higher than 1000 Q C) were observed to grow epitaxiaUy on the SiC surface after 
annealing at temperatures as low as 600 °C. The Ti 3 SiC : layers were believed to act as a 77-type 
intermediate semiconductor layer, which played a key role to reduce the Sclwttky barrier height at 
the contacting melal/SiC interface, I'urther reduction of the contact resistances of the Ge/Ti/AI 
contacts would be achieved by increasing the coverage of the Ti 3 SiC 2 lovers on the SiC surface. @ 
2004 American Institute of PJwsics. [DOT: 1 0, 1 063/1 . 1 797546] 



I. INTRODUCTION 

Silicon carbide (4H-SiC) is one of tlic most attractive 
compound semiconductors for the next generation high- 
power and communication electronic devices. The 4H-SiC 
lias the excellent intrinsic properties such as a wide band gap 
(.3.3 cV), a high thermal conductivity (5 W/cm °C), a high 
electric-field breakdown strength (3 X 1O 6 V/cm), and a high 
saturation electron velocity (2.7 X 10 7 cm/s). 1 *" The devel- 
opment of low-resistance ohmic contacts (<l 
X 10" 5 ft em 2 ) to y?-typc SiC is required to realize the reli- 
able high performance devices. 5,6 

Crofton et ul? found that the binary TiAl alloy contacts 
yielded a low contact resistance to /7-lypc 6H-SiC after an- 
nealing ut lempenilurcs higher than 1000 °C. Then, exten- 
sive investigations for the improvement of the TiAl contacts 
and development of the other p-typc ohmic contact materials 
have been carried out by various uuthors *~ H A technique to 
deposit the eontuet materials and subsequendy anneal ut tin 
elevated temperature [which is called as the deposition and 
annealing (DA) technique] has been conventionally used to 
prepare ohmic contacts to GaAs and to tlie other related com- 
pound semiconductors. 15 This DA technique is also used to 
fabricate the ohmic contacts to /Mypc SiC, However, a high- 
tcmperoturc annealing (as high as 1 000 •C) was required for 
the conventional TiAl contacts to enhance a chemical reac- 
tion between the contact materials and the SiC, because SiC 
lias u high chemical stability. This high annealing tempera- 
ture caused a rough ohmic contact surface and reduced the 
capacitance of the gale oxide layers, which arc not desirable 
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for the SiC devices. '1 nus, the reduction of the annealing 
temperature for the contact formation was manduiory. 

Konishi et ai u> succeeded the reduction of the annealing 
temperature of the Ti/Al ohmic contacts by adding a thin Ni 
layer (which had a high chemical reactivity with SiC at a 
temperature as low as 500 °C) to the Ti/Al contacts. The 
Ni /Ti/Al contacts provided an ohmic behavior at a tempera- 
ture of about 800 °C. (Here, a slash *r between the metals 
indicates the deposition sequence of the contacting materi- 
als,) Mcrostrueiures or the Ti/Al and the Ni /Ti/Al ohmic 
contacts were investigated by transmission electron micros- 
copy (TEM) observations, and these contacts were found to 
grow Ti 3 SiC 2 layers epitaxittlly on the SiC surface even 
though these ohmic contacts were fabricated at different an- 
nealing temperatures. 1. These results suggested that the Ni 
layer added to the conventional Ti/Al contacts enhtmced the 
intcrfactol reactions at low temperatures. Recently, Sakai et 
a!, reported dial an addition of a thin Gc layer to die Ti/Al 
contact Itad a stronger effect to reduce the ohmic contact 
formation temperature compared with that of the Ni addition 
to die Ti/Al contact. The Ge/Ti/AI ohmic contacts provided 
nn olimic behavior after annealing at temperature as low as 
GM °C, lliey pointed oui lliat a eutectic (liquid) Al-Gc 
(with a eutcciic point of 420 °C) would facilitate the reaction 
between the contact materials and the SiC substrate ul low 
temperatures. The Gc/Ti/AI ohmic contacts yielded the con- 
tact resistance of 1 X 10" 4 n cm 2 after annealing ai 600 °C. 
Tn order to apply these coniaci materials to various SiC de- 
vices, a further reduction of the ohmic contact materials is 
required. 

The primary purpose of die present study is to under- 
stand die formation mechanism of the Ge/Ti/AI ohmic con- 

© 2004 American Institute of Physles 
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TABLE L Layer alrucluroi Mid *pwific coruacl rwi»tanwa of Gc/Ti/AJ 
obmic contacts. 



Deposition sc<|ucnt:u 


Film JuekncsH 


Specific contact 


(nm) 


(nm) 


rcxjxlancc i'ft«n*i 


Gc{W).'Tift2»/AlU44) 


200 


1.0? >: 10" 4 


Gc(3Q)/Ti(40.t/AKUSDi 


250 


1.26X10' 4 


Cc(36)/Ti(48)/Al«2l6J 


?00 


1.36* It)" 4 


Gc(60jj/Ti(»0)/A1(360) 


500 


4.07 MIO -4 



tacts in order to obtain o clue to reduce further the contact 
resistance. For this purpose, the electrical properties and the 
microstr ueture at the contact materials/SiC interfaces after un 
isothermal annealing; ot 600 °C for various times are corre- 
lated, A special attention was paid whether or not □ current 
transport mechanism of the Ge/Ti/Al ohmic contact is the 
same with the other TiAl-bascd contacts such as the conven- 
tional Ti/AI and Ni/Ti/AI contacts. Finally, a possibility to 
reduce further the contact resistances of the Ge/ Ti/AI con- 
tacts is discussed, 

II EXPERIMENTAL PROCEDURES 

The /7-type 4JT-SiC epitaxial layers (5-jLun thick) doped 
with Al at 4.5 X 10 1 * em" 3 , which were grown on //-type 4H- 
SiC wafers (manufactured by Cree Research Inc.), were 
used as the substrates. The SiC substrates had an 8°-off Si- 
terminated (0001) surfaces inclined toward a (2110) direc- 
tion. After the substrate surface was cleaned using the so- 
called Radio Corporation of America technique, 19 a 
10-nm-lhiek sacrificial oxide (SiO,) layer wws grown on the 
SiC cpiloyer substrate by dry oxidation at US0°C for 
60 min. The substrates with circular electrode pullems were 
prepared using a photolithographic technique by removing 
the Si0. r layers, The substrates were cleaned by dipping in a 
5% of diluted hydrofluoric acid solution and rinsing in dc- 
ionized water prior to the deposition of contact materials. Gc, 
Ti, and Al layers with high purities were deposited sequen- 
tially on the SiC substrate in a high-vacuum chamber, where 
the base pressure was below 5X10~ K Torr, The vacuum 
pressure during the deposition was lower than 1 
X I0" 6 Torr. The Gc and Ti layers were evaporated using an 
electron beam, and the Al was evaporated by a resistance 
heater. After lifting- off the photoresist* the Gc/Ti/AI ohmic 
contacts were prepared by annealing at 600 D C in an 
ultrahigh-vacuum chamber, where the vacuum pressure was 
below 1 X \Q~ 9 Torr. The layer structures and the total thick- 
nesses of the Gc/Ti/Al contact materials investigated in this 
study are given in Table I. (The specific resistances given in 
this table will be explained later.) The layer thicknesses were 
chosen to give (lie average composition of the Ge (10 at. %), 
Ti (15 at. %), and Al (75 at. %), and the total thicknesses of 
the Ge/Ti/Al contacts were aimed to be 200, 250, 300, and 
500 nm, respectively, where the layer thicknesses were mea- 
sured by a quartz oscillator during deposition. The reasons to 
choose this average composition was tliat Al-Ce (28 at %) 
gives a euteclic point of 420 °C, and aluminum rich (more 
than 75 at. %) in TiAl contacts were found to be essential to 
yield low contact resistance. :<J 

Downloaded 29 Mar 2006 to 202.15.84.202. Redistribution subject 
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RG. 1. Typical eurrvnl -voltage characterise* of n 

Gcf24 nm)/Ti(?2 rmi)/AIil44 nm) l200-nin»thick) contact after annealing 
at G00 °C fi* variyw lime*; (a) 10 min; A. <b) 20 miti; ■, »nd (a) 30 min; 



The electrical properties (I-V characteristics) of the 
ohmic contacts were measured by a two-point probe method 
using circular patterns with an interspacing of 8 /xm. The 
specific contact resistances were measured by a circular 
transfer length method using o four-point probe method, 
where multiple annular electrode patterns with intcrspacings 
of 4, 8, 16, 24, and 32 jum were used. The surface morphol- 
ogy of the contacts with the electrode patterns was observed 
using an optical microscope. 'Hie microstructuml analysis at 
the ohmic contact inclaJs/4H-SiC interfaces was performed 
using x-ray diffraction (XRD) and TEM. For an XliD analy- 
sis, RTNT-2500 (Rigaku) widi a Cu Kat radiation operated at 
30 kV and 1 00 mA was used. The interfacial structures and 
an orientation relationship between the ohmic contacts and 
the 4H^SiC substrates were characterized by the cross- 
sectional high-resolution TEM observations and selected 
area diffraction pattern (SADP) analysis, respectively, using 
a JISM-4000EX (JEOL) electron microscope operated nt.an 
accelerating voltage of 400 kV, equipped with a top-cniry- 
typc goniometer. The point-to-point resolution of this micro- 
scope was approximately 0.17 nm. Thin foil specimens for 
the present TEM observations were prepared by the standard 
procedures: cutting, gluing, mechanical grinding, dimple pol- 
isliing > and Ar-ion sputter thinning. 

ill. EXPERIMENTAL RESULTS 

A. Electrical properties of Ge/TI/AI contacts 

Figure 1 shows the typical I-V chaniclerislics of the 
Gc/Ti/Al (200-nm-thick) contacts after annealing at 600 °C 
for various times. A nonohmic behavior is observed after 
annealing for 10 min [curve (a)]. However, the electrical 
property improves with increasing the annealing times [curve 
(b)), and tile eontacl shows an ohmic behavior after anneal- 
ing for 30 min, as seen in curve (c), Among the TiAl-bascd 
ohmic contacts, the Ge/Ti/Al contact is the only one contact 
material to provide an ohmic behavior after annealing at a 
temperature of 600 °C. The reduction of the annealing tem- 
perature to transit from a nonohmic behavior in the TiAI- 

► AIP license or copyright, see http://jap.aip.org/jap/copyrigh1.j3p 
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Annealing tlm* (hours) 

FIG. 1 Speeifk contact rcsutanci:* f t > r ) (he CoTi/A) contacts before 
and after annealing uothcnmally at 400 "C for 5 and 10 h. 

based contacts to the ohmic behavior is due to the addition of 
Ge T which is believed to onhunce the chemical reactivity of 
Ti and Al with the SiC substrate at a low temperature by 
forming eutectic Al-Ge, 'flic average specific contact resis- 
tances (p f ) of the Ge/Ti/Al ohmic contacts with various 
thicknesses after annealing at 600 °C for 30 min were sum- 
marized in the third column of Table 1. The fa values are 
found to decrease wilh decreasing the contact diickncsscs, 
and the nunimum p v . value of approximately I 
X 10~ J n cm : is obtained in the 200-nm-thick contact. 

Tn order to investigate the thermal stability of the elec- 
trical properties during heal treatmenLs al 400 °C, die 
Ge/Ti/Al contacts were isothermally annealed at 400 °C in 
on Ar dlmospherc. Figure 2 shows the specific contact resis- 
tances of the 200-nm-thick contact before and after unneal- 
ing at 400 Q C for 5 and 10 h, The contact resistances do not 
change significantly after annealing for 10 h. This excellent 
thermal stability of the Ge/Ti/Al contacts is similar to thai 
observed in the binary Tx/Al contacts by Tanimoto at al? 

B. Mlcrostructures of Ge/TI/AI ohmic contacts 
1. Surface morphology 

Smooth surfoce morphology is desirable for the contact 
materials to use in the manufacturing devices. Figure 3 
shows an optical micrograph of the 200-nm-thiek Ge/Ti/Al 
contact alter annealing at 600 °C for 30 miri. (The rough 
regions in the micrograph arc the Ge/Ti/Al contact surface, 
and the band regions wilh circular gray contrast arc the sac- 
rificial oxide surface on Ihc />-typc SiC cpiluyer.) The edges 
of the contact electrodes are observed to be sharp and ubrupt. 
As for the contact surface, the morphology is locally rough 
after annealing. However, the surface roughness was signifi- 
cantly improved compared with ihat of the binary Tf/Al 
contacL ,z The hillocks formed on the contact surface (which 
arc indicated by the bhiek arrows) tore due to the formation of 
residual Al droplets, which did not react with the other ele- 
ments. Using a stylus surface profiler, the maximum typical 
roughness was measured lo be about l jtem for the 
SUO-nm-thick contact. The surface roughness was found to 
depend on the total thickness of the contact and decreased 




FIG, 3. Optical micrograph of the 200-nm-thick Ge/Ti/Al contact surface 
pDat annealing at 600 °C for 30 min, 

with decreasing the contact thickness. A I metal exceeding 
75 at.% in the Ge/Ti/Al contacts is believed to result in a 
formation of the rough surface, which is u characteristic of 
the TiAl-hased ohmic contacts. 

Z X-ray diffraction analysis 

The XRD analysis was performed to characterize the 
microstructures of the Ge/Ti/Al ohmic contacts. Figures 
4{a)-4(c) show the XRD profiles obtained from the 
Gc/Ti/Al (200-nm-lhiek) ohmic contacts annealed til 
600 °C for 10, 20, or 30 min, which correspond to the l-V 
ChliTucteristies shown in Figs. I(a)-l(c), respectively, After 
tuinealing for 10 min, the binary AIjTi and Al a C 3 com- 
pounds, which were formed by on interfacial chemical reac- 
tion, arc detected by XRD analysis in addition to the unrc- 
uclcd Al and Ge [Fig. 4(a)]. Nole dial an amount of the 
AJjC 3 compounds is quile small because the intensity of the 
peak diffracted from A1^C 3 is very weak. As shown' in Fig. 
1(a), the l-V characteristic did not show the ohmic behavior 
and die contact resistance is very high at the contact/SiC 
interface after annealing for 10 min. After annealing for an 
additional 10 min (20 min in total), the peaks corresponding 
to n ternary Ti 3 SiC : compound are detected , as indicated by 
the solid square symbol* in Fig. 4(b). At this stage, die con- 
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HO. A. XKD profile of the 200-nm-lJiick Gc/Ti/Al Cftnlact alter annealinu 
at 600 41 C for 10, 20, and 30 min. 
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FIG. 5. (a) CroAsj-swclioftal brighl-field lliM micrograph and (b) inc corrc- 
spondinu, juJicmaliv illwlration of the 20O-nm*diiek Oo/Ti/Al cunUicl 
formed on the 4H-StC. (The incident electron beam is along die (01 10> 
direction of 411-SiC.) 

Lucl resistance was reduced significantly compared with that 
annealed lor 10 min, as shown in Fig, 1(b), After annealing 
for 30 mill, il is observed that the Ti 3 SiC 2 peak inlensilies 
increase, although the intensities of the peaks diffracted from 
the other compounds do not change signiiicundy [Fig. 4(c)], 
Only the Ti,SiC 2 peaks diffracted, from (000/) diffraction 
planes of a hexagonal structure arc observed. This result in- 
dicates thut the TijSiCN layer has a strong (0001>orienled 
texture on the SiC substrate, The niicrostrvctures observed in 
the Gc/Ti/Al ohmic contact arc quite similar to those ob- 
served in the Ti/Al and Ni/Ti/Al ohmic contacts, which 
were annealed at 1000 and 800 °C> respectively, 17 leased on 
the present XRD results. die Ti 3 SiC 2 layers formed in the 
Gc/Ti/Al ohmic contacts arc believed to play an important 
role in die current transport through the metallic contacl/SiC 
interface. In order to analyze the detailed inicrostructures in 
the Go/'n/Al contacts, the cross-sectional THM observations 
were carried out and the results will be given in die next 
section. 

3. Cross-sectional TEM observations 

Inlerfacial microstructures at the interlaces between the 
Gc/Ti/Al ohmic contact and the 4H-SiC substrate were 
characterized by the cross-sectional TEM observation. Fig- 
ures 5(a) and 5(b) show a cross-sectional bright-Iield TEM 
micrograph and the corresponding schematic illustration, re- 
spectively, of the Gc/Ti/Al (200-nm-thick) ohmic contact 
formed on the SiC substrate after annealing at 600 °C for 
30 min, 'Hie incident electron beam is along the <0l 10) di- 
rection of die 4H-SiC substrate. The interface between the 
contact materials ami the SiC substrate is observed to lwve a 
suwloolh-shaped facet slruclure. This unique morphology is 
typical in the TiAl-based olmiic contact on the epitaxial SiC 
layers, which are grown on die 8°-oH (0001 )-orien ted SiC 
substrate. From the present TEM micrograph, the reaction 
depth in the SiC substrate is found to be shallow (—50 ran). 
The binary AljTi layers are found to cover about 50% (linear 
scale) of the SiC surface. At the left side of Fig. 5, the plate- 
shaped layers (which arc indicated by arrows)- are observed 
lo form on die SiC surface. These plate-shaped layers arc 
found to be the ternary Ti 3 SiC 2 and binary AI.,C 3 com- 
pounds, which have dark and bright contrasts in the micro- 
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FIG. 6. Selected area dirfractinn pattern* (S.ADPW) obtained from (a) ilic 
4H-SiC substrate and (c) ternary Tij,SiC 2 compound layer in the Go /Ti/Al 
contact. (The incident electron beam in along the SiC(2110> zone asu.) 

graph, respectively. Note dial a volume fraction of the Al^C^ 
layers is smaller dian that of the Ti 3 SiC 2 layers, which con- 
sist with the XRD results of Fig. 4. In the Gc/Ti/AI ohmic 
contacts, the Ti 3 SiC 2 and Al 3 Ti layers are found lo directly 
contact to the SiC surface. Figures 6(a) and 6(b) show the 
SADPs obUiincd from the 4H-SiC substrate and the Ti 3 SiC 2 
layer, respectively. The incident electron beam is along die 
(21 10> direction of the 4H-SiC, By indexing the SADPs, the 
TijSiC* layer was found to have an epitaxial orientation re- 
lationship with die 41.1-SiC substrate, 

(0001)^/(0001)8 and <2U0) TSC //<21 10> s 
CI'SC:Ti a SiC 2 ,S:SiC). 

The result of the present SADP analysis is in good agree- 
ment with that of the XRD analysis of Fig. 4. Both 
the 4H-SiC (P6 3 /mc; a=0.307nm, c= 1.005 nmf' 
and TijSiC 2 (P6 3 /mtnc; a =0.306 nm, c* 1.763 nm) :: have 
the hexagonal unit-cell structure, and die latdce mismatch 
between the basal planes of Ti 3 SiC 2 and 4H-SiC across Ihc 
mterfnee is approximately 0.4%. A cross-sectional high- 
resolution TEM micrograph or the_Ti >% SiC 2 laycr/SiC inter- 
face, which is taken along the SiC{2 1 10) zone axis, is shown 
in Fig. 7. The (000/)-indcxcd lattice fringes arc observed 
along the direction parallel to the interface in both the 
Ti 3 SiC : layer and the SiC substrate. No contamination or 
amorphous oxide layers arc observed at the interface, and 
thus, ihc Ti 3 SiC 2 layer makes a direct contact on the SiC, as 
indicated by die arrows. The interface is found lo be atoini- 
cally Hat with large (0001 ^oriented terraces. The density of 
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1*IG. 7. Croxx-segtionsl hiyh-rcnolution TEM mitfrojjrapli at Ihu inturfoeu 
between die ternary Ti,<Si<!j compound layer and the 4M-SiC. (The incident 
electron beam n along die SiC{21 10) zono axi».) 
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(a) 600^, Omln (as^epo) 




(b)s.t 



(c) u-v 



(b) 60lfic,20mln 





(c) 600t, 30mln 



FIG. 8, Selicnialic itluRirniioni of (a) cima-acntinna) micro »trtWtun» of the 
Co/Ti/Al contact and the predicted unci^y-tomd diagram* at (b) the 
AljTi/SiC and (c) llic TijSiCVSiC interface* through lho,w ond u-w path*, 
rwpcuivctv. 




HO. P. Schematic illustrations of the cros**ecUonal micronlnidurcs of the 
Cc'TV Al contact* before and after annualing iM^hamally pt 600 *C. 

heights. In the present study, il was found lhat the formation 
mechanism of the Gc/Ti/Al contacts is similar la Uutt ob- 
served previously in the Ti/Al and Ni/Ti/Al contacts, as 
reported by Tsukimoto at al} 1 

The results of the I-V clutracleristics (Fig. 1) and the 
microstructural analysis by XRD (Fig- 4) of the Gc/Ti/Al 
contacts after annealing also support the importance of die 
Ti 3 SiCn formation to reduce the contact resisutnees. Cross- 
sectional microstructures of tlie Oe/Ti/AI contacts before 
and after unnealing are illustrated schematically in Fig, 9, 
Scholtky behavior is observed in the Gc/Ti/Al contact be- 
fore annealing at 600 °C because no Ti 3 SiC 2 compounds are 
formed, as shown in Fig. 9(a). After annealing at 600 °C for 
20 min, the TijSiC;, layers an? formed locally al the inter- 
face, as sho\vn in Fig, 9(b), and the electric current transports 
through die mctaI/Ti 3 SiC 2 /SiC interfaces, although tlw vol- 
ume fraction of the 'ri 3 SiC 2 layers is small. Residual Al and 
metallic compounds, such as Al 3 Ti, cover primarily the SiC 
surface, as shown in Fig.9(b), and thus, the speckle contact 
resistance is extremely large. Further growth of the Ti 3 SiC 2 
layers at the interface alter annealing for 30 min resulted in a 
reduction of the contact resistance, as shown in 9(c), 'Hie 
coverage of tlie Ti 3 SiC 2 layers on the SiC surface is believed 
to inJluencc strongly on the specific contact resistance of the 
Ge/Ti/Al contacts. In order to reduce further the contact 
resistances of the Ge/Ti/Al contacts, both the increase of the 
coverage and the reduction of the Ti 3 SiC : layer thickness by 
optimizing the contacting metal thicknesses and the anneal- 
ing conditions arc needed. 

B. Comparison among the TIAI-based ohmic contacts 

The contact properties of the Gc/Ti/Al contacts' H inves- 
tigated in this studv Were compared with those of the con- 
ventional Ti/Al 9 ' 1 2,1 7 and Ni/Ti/Al ohmic contacts, 1 6,1 7 and 
the results are summarized in Table TI. Although the 
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misfit dislocations at the interface is e\1remely low as calcu- 
lated from the'lattice mismatch between the Ti 3 SiC 2 and the 
SiC. (Note that no misfit dislocation is observed in the 
present TEM micrograph.) The interfacial microstructures, 
which consisted of heteroepitaxial Ti 3 SiC 2 layers after an- 
nealing, are common futures in the fiAl-based ohmic eon- 
tacts. 

IV. DISCUSSION 

A. Formation mechanism of Ge/Ti/Al ohmic contacts 

A formation meclianism of the Ge/Ti/Al ohmic contacts 
is proposed based on the present XRD results of Fig, 4 and 
die TliM observation of Fig. 5. A cross section of the 
Ge/Ti/Al ohmic contact. fonned on the p-xypc SiC is shown 
schematically in Fig, 8(u). The Al 3 Ti metallic compounds 
and the T ijSiC* layers contact directly to the SiC substrate. 
In the Ge/Ti/Al contacts, the electric current transport 
through the Al 3 Ti/SiC and the Ti 3 SiC 2 /SiC interlaces as 
shown by paths 5-/ and //-u, respectively. The current trans- 
port mechanisms through these paths to the p-typc SiC arc 
different, and the predicted band diagrams through the s-t 
and u*v paths are shown in Figs. 8(b) and 8(c), respectively. 
A large Schottky barrier is fonned at the interface between 
the AljT metallic compounds aixl yMype SiC. This large 
height harrier (<1> B ) interrupts the current transport through 
the contact mclal//?-SiC interface, causing a large contact 
resistance til the interface. However, since the Ge/Ti/Al con- 
tacts provided an ohmic behavior after annealing at 600 °C 
for 30 min, the formation of the Ti 3 SiC 2 compound layers 
must reduce the barrier height; as shown in Fig, 8(c). 
Tsukimoto era/. 17 reported in thcTi/Al and Ni/Ti/Al ohmic 
contacts lhat the formation of the Ti 3 SiC : compound layers 
acted as an intermediate semiconductor layer (1SL) with a 
;;-typc conduction at the interface, which reduced the high 
barrier heights into two low barrier heights (c]> D1 und <bj\ 2 \ 
as shown in Fig. 8(c). Therefore, the currents were believed 
to transport mainly across this interface with low barrier 
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TABLE 11. Conbcl property, anil miaxwtreeluna of TtAl-taxid ulunii; cwUjcln. 



Tl AJ-bascd contact 


Ti/AI (Uofc. 9. 12, and 17) Ki/Ti/AI (ReT*. 16 and 17) 


Gc/Ti.'Al (RcC IS) 


Annealing temperature ("C) 


IlKM) 


801) 


600 


Contact resistance <Qcm 3 J 


ixitr* 


7 MO" 1 


1 X io-< 


(Dopant concentration) 


lN A -1,2\W"uni->> 


(N A ==i.O- 4,5X|0» em"') 


(N A -4.5X10 W cm 3 ) 


Surface rough not* (/mO 


4.4 


0.8 


-1.0 


Thermal liability 


500 "C, 2 h 


400 W C, 10 b 


J00 »C, 10 h 


Reaction dcptfi 


Deep 


Slwlknv 


Shallow 


Interracial carbide 


Ti a SiC : 


TijSiC*, Al 4 C 3 


TijSiC : , AI 4 C, 



Gc/Ti/Al contacts Jinvc the excellent contact properties, 
such us low-temperature formation, smoolh surface morphol- 
ogy, liigh thennal stability, and shallow reaction depth into 
tlic SiC substrates, these contacts yield higher contact resis- 
tance to the />-typc SiC compared with the other TiAl-buscd 
contacts, As discussed curlier, the ternary Ti 3 SiC 2 layers are 
essential to cover most of the SiC surface to prepare the 
low-resistance TiAl-hased ohmic contacts. Therefore, the in- 
vestigation should be continued to lind a fabrication process 
to increase the Ti 3 SiCn layer coverage on the SiC surface for 
the Gc/Ti/Al contacts. 

V. SUMMARY 

In order to understand on ohinic contact formation 
mechanism of the Gc/Ti/Al ohmic contacts with specific 
contact resistances of approximately 1 x 10"' 1 alter annealing 
at 600 °C, the electrical properties and die microfractures 
were investigated by the l-V measurements, XRD analysis, 
and TEM observations. The cross-sectional THM observa- 
tions rcveulcd that the ternary Ti 3 SiC 2 compound layers had 
directly contacted to the SiC substrate surface and the 
Ti 3 SiC* layers hud a helero epitaxial relationship with the 
SiC substrates as follows: 

(000 1 )<2J 1 0) TSC //(0001 )<21 10> s {TSC:Ti 3 SiC„S:SiC). 

Comparison of the microstructures and the clectricol 
properties of the Ge/Ti/Al ohmie contacts concluded (hut 
die reduction of the Scholtky barrier height (at the contacting 
metal//7-SiC interfaces) was caused by the formation of the 
Ti 3 SiC : luyera, which acted as a 7>-lypc JSL at the metal/SiC 
interlaces. This formation mechanism of the Ge/Ti/Al con- 
tacts was found to be similar Lo tluu proposed in the Ti/AI 
and Ni/Ti/Al ohmic contacts. Tn order to further reduce the 
contuct resistances, a fabrication process to increase the cov- 
erage of the TijSiC 2 layers on the SiC surface by optimizing 
the contact metal thickness and Uw annealing conditions 
should Ihj developed. , 
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